This paper describes a practical implementation of a portable secondary standard for phase modulation (PM) and amplitude modulation (AM) noise at 5, 10, and 100 MHz. The accuracy of the standard for both PM and AM noise is f 0.14 dB, and the temperature coefficient is less than 0.02 dB/K. The noise floor S,(10 kHz) of the standard for PM noise measurements, is less than -190 dBC re1 to 1 rad21Hz at 5 , 10, and 100 MHz. 
Introduction
In the past it has been difficult to evaluate the accuracy and noise floor of phase modulation (PM) and amplitude modulation (AM) noise measurement equipment because no artifact standards were available. Comparisons of measurement systems in different laboratories using commercially available oscillators as transfer standards were typically limited to a repeatability of roughly f 3 dB due to the temporal variability of the oscillator noise. This paper describes a practical implementation of a portable secondary standard and associated measurement techniques for evaluating the noise floor and accuracy versus Fourier frequency of phase modulation (PM) and amplitude modulation (AM) noise measurement systems [l] . Evaluations of Contribution of the U. S. Government, not subject to copyright.
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these new PM/AM noise standards at 5 , 10, and 100 MHz yield an accuracy of less than 0.2 dB, a temperature coefficient of less than 0.02 dBIK, and a stability of less than 0.4 dB over 1 y. This new PMIAM noise standard can also be used as an alternative to the normal method of calibrating the conversion sensitivity of the PMIAM detector for PMIAM measurements. Some types of timedomain measurement systems can also be calibrated [2-51. This new PMIAM noise standard produces two high level signals that have exceptionally low residual differential PM and AM noise between them. At 10 MHz, for example, the differential phase noise between the two channels, S,(lO kHz) = -194 dB re1 to 1 rad2/Hz. This configuration is used for measuring the noise floor of both PM and AM measurement systems.
A calibrated level of passband-limited Gaussian noise can be added to one of the signals to create equal levels of PM and AM noise. The level of added noise is roughly 40 dB above the noise floor of most measurement systems and 60 dB above the residual noise between the two signals. This calibrated noise level is typically constant in magnitude to f 0.2 dB for Fourier frequencies from dc to 10% of the carrier frequency. This configuration is used to evaluate the accuracy of PMIAM noise measuring equipment as a function of Fourier frequency.
When the AM noise is measured on a single channel, the differential technique applied to S,(f) does not help to extend the range. The AM noise of the signal contains both the original AM noise of the source after the leveling circuit and the calibrated AM noise. Thus, it might be expected that the spectrum of S,(f) at the output would rise much faster than the PM noise as f approaches 0. Fortunately, most sources have much lower AM noise than PM noise close to the camer, so this potential problem is usually eliminated.
When the AM noise is measured using two detectors in a differential mode, most of the AM noise of the source cancels. This technique, as compared to the single detector methods significantly lowers the contribution of AM noise of the source to the noise floor for AM measurements.
Desim of PMIAM Noise Standard
Figure l shows a simplified block diagram of the PM/AM noise standard model PMAM 115. A frequency source with very low PM and AM noise is regulated in amplitude and divided into the reference and signal outputs using a passive power splitter or directional coupler. (Active power splitters generally add more PM noise than passive splitters.) A switch turns the carrier signal "on" and "off". The amplitude and phase of these outputs track one another with great fidelity. The residual differential PM noise between the two outputs is typically much smaller than the resolution of available measurement systems A broadband power combiner is used to add passband-limited Gaussian noise to a carrier (see Fig.   1 ). Ideally the noise source is very flat over the Fourier frequency range of interest about the carrier (vo-f to yo+ f ) and is independent of temperature. Another switch changes the noise level by inserting known attenuators. This results in a spectral density of PM noise, SJf) given by is the power spectral density of voltage noise at Although not necessary in some measurement configurations, a phase shifter can be used to provide a 90" phase shift between the reference and modulated output. The phase shifter can be on either the signal or reference side of the power summer. The most common form of phase shifter is a length of transmission line although many other types of phase shifters are possible.
Measuring PSDV, and V$ separately calibrates the level of S,(f) at the modulation output relative to the reference signal, as specified by Eq. (1). Turning the filtered noise off allows good resolution and accuracy in the measurement of V : by eliminating or greatly reducing V, . Turning the noise on and the camer off optimizes the resolution and dynamic range for measuring PSDVN. Usually the attenuation of the noise signal is set to a minimum for this measurement.
The components are chosen to minimize the voltage-standing-wave-ratio (VSWR) so that changing the state of the various switches does not significantly alter the impedance or phase of the output to the measurement system. The attenuators are calibrated using a source routed through the external port.
Implicit in these discussions is the assumption that the phase detector in the PM noise measurement system under test has sufficient discrimination against AM noise and that the amplitude detector in the AM noise measurement system has sufficient discrimination against PM noise. These assumptions are not excessively restrictive since many devices to be calibrated also have similar PM and AM noise [7] . Discrimination of 15 dB reduces the unwanted effects below 0.14 dB. This discrimination level is easily met by virtually all AM and PM noise measurement techniques in use today [6,7] (typical levels of discrimination are 25 dB for PM and even higher for AM measurement systems.)
Calibration Considerations

A. Calibration of PM Noise in PMIAM Noise Standard
If a scanning narrow-band receiver is used to measure the relative value of G and PSDVN on the modulated output, only the equivalent noise bandwidth BW of the receiver, and its accuracy for relative measurements from the level of V : to (PSDVN)BW must be calibrated to determine S,(f). The form of Eq. (1) is such that small errors in the alignment of the noise passband filter resulting in odd-order variations of VN2(u) about v . are averaged away. The only limit in setting SJf) is that SJf) should be high enough that it is far above the noise floor of the measurement system and yet small enough to satisfy Eq. (2) (15 dB margin reduces the errors to approximately 0.14 dB). The smaller the bandwidth for Sb(f), the higher the level can be set without violating Eq. (2) . Typically SJf) is constant for 0 < f < vo/10 5 1 GHz and the integrated phase noise is in the range from 1C2 to 10-4 rad2. We must also check that all of the amplifiers used in the evaluation are operated in the linear gain region. The error in the calibration for the circuit in Fig. 1 is typically 0.05 dB due to random errors and f 0.05 dB due to uncertainties in the linearity of the receiver, 0.04 dB due to uncertainties in determining the bandwidth, yielding an overall root-sum-square (RSS) uncertainty of f 0.14 dB. Figure 2 shows the preferred method for determining the accuracy of a PM noise measurement system using the new PMIAM noise standard [5-71. As explained above, the PM noise of the driving source cancels out to a very high degree. This approach, requires that the phase noise measurement system be able to adjust the phase between the two signals at the mixer to 9 0 ' so that the output of the mixer is close to 0 V.
B. Measurement of Errors in PM Noise Measurement Systems
Not all commercial units have this provision, and some may require the use of phase shifter in the phase noise standard. The noise floor of the measurement system is determined with noise modulation off and the calibrated PM noise of the standard is measured with the noise modulation on. Differences between the measurement of SJf) and the measurement determined using the method in Section IV A. represent errors in the PM noise measurement system under test. The contribution of the noise floor of the PM noise measurement generally needs to be considered only near the camer, (that is, as f approaches 0 Hz) [7] . A configuration similar to Fig. 2 is useful for measuring the PM noise added by elements such as frequency multipliers and amplifiers. The element to be tested is inserted in one or both of the signal paths from the PMIAM noise standard to the PM measuring system. PM measurements with the calibrated noise modulation on are used to calibrate the system sensitivity for converting phase fluctuations to voltage fluctuations versus Fourier frequency.
PM measurements with the noise modulation off yield the PM noise (noise floor of the system plus the added noise of the element under test) relative to the calibrated PM noise.
Another method of calibration is shown in Fig. 3 The PM/AM noise standard can also calibrate the accuracy of single oscillator (frequency discriminator) phase noise measurement systems by the configuration shown in Fig. 4 . The PM noise of both the oscillator and the single-oscillator measurement system is detected in the measurement. This approach can lead to accurate measurements if the oscillator PM noise is small enough [7] . The AMIPM noise standard accommodates this approach by providing oscillators that have very low residual AM and PM noise and the ability to turn the calibrated PM noise on and off. The procedure is to measure the residual PM noise in the measurement with the calibrated PM noise off and then to measure the PM noise with the calibrated PM noise on. Unlike the technique of Fig. 2 , it is not generally possible to verify the noise floor of the measurement system for these calibration methods because the phase noise of the reference oscillator always contributes to the measured noise level. Another limitation is that the measurement cannot be camed out at low values of f since the PM noise of the reference oscillator generally dominates the added noise. This problem can be alleviated somewhat by increasing the added noise and decreasing the bandwidth to satisfy Eq. (2).
C.llbrat1on of N o i s e Floor and Accuracy of
Frequency Mscrlmlnator System * Fig. 4 Single oscillator phase noise calibration Fig. 3 Calibration method for two oscillator phase method using a frequency discriminator (see [5]). noise measurement systems.
The configuration of Fig. 3 can be used to measure the phase noise of an external oscillator. PM
C. Calibration of AM Noise Level in PMIAM Noise Standard
The AM noise in the standard is determined using the procedure described in section 1II.A and Eq. (l), since in the PMIAM noise standard, 
Calibration of SimDle AM Noise Measurement Svstems
The signal input of the AM noise measurement system to be measured is connected to the modulated output of the PMIAM noise standard as shown in This problem can be alleviated somewhat by increasing the level of the added noise and decreasing the bandwidth to satisfy Eq. (2).
The variation of k,(f) with f is extremely difficult to determine by traditional methods since few sources can be accurately amplitude-modulated over a broad range. This issue becomes even more serious as the carrier frequency and the offset frequency from the carrier increase.
Determinina the AM Noise Floor of an A M Noise
Measuring Svstem
The noise floor for AM measurements can be estimated by turning the noise modulation off, measuring V,(f), and computing S,(f) using Eq. (5). The noise floor determined in this manner includes the true noise floor of the AM noise measurement system being calibrated plus the AM noise of the internal source in the PMIAM noise standard. In most cases, the noise floor of the standard is lower than the detectors being tested.
h cases where the AM noise of the internal source is so high that it is difficult to evaluate the AM noise floor of a measurement system as described in A, a differential measurement technique can be used as shown in Fig. 6 . This technique takes full advantage of the very low differential AM noise between the reference and modulated outputs of the PMIAM noise standard by using two similar detectors. The rf input of one detector to the reference output, and the rf input of the other detector is c~~e~t e d to the modulated output. The dc outputs of the two detectors are preferably adjusted to be the same within approximately 1% using attenuators on the input of the detectors. The gain following the detectors may also be adjusted; however, the cancellation of the residual AM noise in the source may not be as complete as when input attenuators are used.
The outputs are then subtracted in a conventional device such as a differential amplifier (see Fig. 6 ). Some spectrum analyzers also can process the difference between the two input signals. With either of these methods, the AM noise of the internal source is substantially reduced, perhaps as much as 20-40 dB.
(At very high Fourier frequencies it may be necessary to adjust the phase slightly on the incoming signal to one of the AM detectors to optimize the cancellation.) The noise floor measured in this manner is that of both detectors (and their associated amplifiers). If they were identical, we would subtract 3 dB from the measured result to obtain the noise floor of a single unit. A more accurate value of the AM noise floor of the individual detectors (and amplifiers) requires that measurements be made on 3 detectors with all combinations (detectors 1-2, 1-3, and 2-3) [4,6] . The determination of S,(f) of unit 1 is The variation of k,(f) with f of a differential AM noise measurement system can be determined by turning the added differential noise on, measuring V,(f), and comparing the results obtained from Eq. (3) with these from Eq. (6).
Using the PM/AM noise standard in the manner prescribed above calibrates all of the measurement errors even at very low values of f where the AM noise of the internal source might swamp the noise floor of the measurement system under test or the added differential noise, if we used the technique described in A.
A typical method of determining kJf) prior to measuring AM noise is shown in Fig. 7 . First, the modulated output of the PMlAM noise standard is ~0~e c t . d to a detector and the detected dc level is noted. Second, the output of an auxiliary source that can be amplitude modulated at a known level is connected to the detector and the rf level, impedance (50 fl), and the frequency are adjusted to that chosen for the PM/AM noise standard. The auxiliary source is then AM modulated at a convenient frequency and level. A common choice is 1 % modulation at 1 kHz.
The level of the modulated signal from the port labeled "OUTPUT POWER" in 
E. Calibrations of Time-Domain Measurement Systems
Measurement of frequency stability in the timedomain is another common method used to characterize the frequency stability of oscillators and other components [2-51. In the past a convenient method to calibrate the accuracy of such systems has not been available because the measured timedomain frequency stability depended on the measurement bandwidth, the averaging time, and the type of phase noise.
The phase noise standard provides a differential level of PM noise that is constant in amplitude (white PM) for measurement bandwidths from 1 Hz to 10% of the carrier. Under these conditions the fractional frequency stability between the reference and modulated outputs as characterized by the square root of the Allanvariance [5, 8] is given by where fh is the measurement bandwidth and 7 is the measurement time. When a timedomain frequency stability measurement system [4] is connected between the two outputs, u,,(T) should vary as i ' for measurement times from approximately 0.1 p to 0.5
S.
Comparing the results with Eq. (8) 
Results
The first PM/AM noise standard model PMAM 115 operates at 5, 10, and 100 MHz. Switches select the proper carrier frequency and matching pass band filters. The noise source is flat within a few tenths of 1 dB from less than 0.1 MHz to about 1 GHz and is stable with temperature to 0.02 dB/K. The differential noise added to the carrier v, is exceptionally flat due to the symmetry of Eq. 1. The cancellation of the 100 MHz reference oscillator phase noise by using the method of Fig. 2 Curve A of Fig. 9 shows the PM noise in the PMlAM noise standard at 100 MHz determined using a highdynamic-range scanning receiver in the calibration mode described in Section 111 A above. Curve B of Fig. 9 shows the measurement of the PM noise level using a totally separate and independently calibrated phase noise measurement system PNMS [7,1 l] . The noise level is constant to f 0.05 dB for Fourier frequencies from dc to 5 MHz and gradually decreases 0.3 dB from 5 to 10 MHz. Curve C of Fig. 9 shows the AM noise determined using the simple measurement technique of section 111 C. The divergence of curve C from curves A and B for Fouzier frequencies below 100 Hz is easily shown, by the AM noise floor measurements, to be due to noise in the diode detector used for these measurements. The fluctuations in curve B of Fig.  9 versus frequency are primarily due to the finite number of samples taken to estimate the spectral density [lo]. The differences between curves A and B of Fig. 9 are consistent with the estimated errors in the internal phase modulator used in the calibration of the PNMS.
These estimated inaccuracies are shown in Fig. 10 as a function of Fourier frequency for carrier frequencies of 5 MHz, 10 MHz, 300 MHz, 10 GHz and 42.7 GHz. Table 1 summarizes the PM/AM calibrated noise and noise floor at 5, 10, and 100 MHz. The totally independent data from the PNMS confirm the calibration of the PM/AM standard to f 0.5 dB. MHz. Curve A shows the PM noise level of the standard determined using the technique of Section 111. Curve B shows the measurements of PM noise using the totally independent NIST Phase Noise Measurement System (see [7, 11] ). Curve C shows the level of AM noise of the standard at 100 MHz using the method shown in Fig. 5 . The peaks at 60 and 120 Hz are due to the power line. Similar results are obtained at 5 and 10 MHz.
The techniques illustrated here can be extended to high frequencies and to higher accuracies using presently available technology. Preliminary results at 10.6 GHz look promising for Fourier frequencies out to at least 500 MHz. The PM/AM noise of the first PM/AM standards has remained constant within f 0.4 dB at all three carrier frequencies (5, 10, and 100
MHz) over the past year. Accuracies in excess of f 0.1 dB are possible by using components with lower VSWR, circuits with better level control and more extensive measurements on receiver bandwidth and linearity. A new portable PM/AM noise standard (model PMAM 115) has been developed, tested, and used to evaluate the noise floor and accuracy of PM and Ah4 noise (S4(f) and S,(f)) measurement equipment. The differential PM noise in the PM noise standard used to test the noise floor is typically much less than the noise floor of present measurement systems. The PM noise in the standard was evaluated for Fourier frequencies from 1 Hz up to 10% of the carrier frequency to an accuracy of f 0.14 dB. The temperature coefficient of the PM and AM noise level is less than 0.02 dB/K. T h e calibrations were independently verified at carrier frequencies of 5 , 10, and 1 0 0 MHz to f 0.5 dB using the Phase Noise Measurement System [7,11]. The design of the standard is such that the fractional amplitude noise S,(f) is equal to S, (Q over a very wide range of Fourier frequencies. The new secondary standard has maintained the same level of PM and AM noise to within If: 0.4 dB over the past year [l] .
Errors in the
Although the PM/AM noise standards described above are at frequencies from 5 to 100 MHz, the principle can be applied to any other frequency from audio to the visible. Prototypes are presently working at 10.6 GHz [l].
